TIPE2 (TNF-␣-induced protein 8-like 2) is a novel death effector domain protein and is a negative regulator of the innate and adaptive immune response. Although it has been demonstrated that caspase-8 contributes to the negative regulation of TIPE2, the negative regulatory mechanism is not entirely understood. Here, we demonstrate that TIPE2 interacts with TGF-␤activated kinase 1 (TAK1), a crucial regulatory molecule of inflammatory and immune signals, and consequently acts as a powerful negative regulator of TAK1. The interaction between endogenous TIPE2 and TAK1 was observed in RAW264.7 macrophage-like cells and mouse primary cells derived from spleen and thymus. The TIPE2 amino acid 101-140 region interacted with TAK1 by binding to the amino acid 200 -291 region of the internal kinase domain of TAK1. TIPE2 interfered with the formation of the TAK1-TAB1-TAB2 complex and subsequently inhibited activation of TAK1 and its downstream molecules. Importantly, silencing TIPE2 through RNA interference attenuated the inhibitory action of TIPE2 on LPS-and TNF-␣-stimulated TAK1 activity. Exogenous TIPE2 101-140, the region that interacts with TAK1, also inhibited LPS-and TNF-␣-stimulated NF-B reporter activity. Interestingly, cell-permeable TIPE2 protein maintained its binding ability with TAK1 and exhibited the same inhibitory action of native TIPE2 on TLR4 signaling in vitro. Thus, cell-permeable TIPE2 protein is a potential candidate for intracellular protein therapy for TAK1related diseases. The present study demonstrates that TIPE2 acts as a novel negative regulator of inflammatory and immune responses through TAK1 signaling.
The TNFAIP8 (TNF-␣-induced protein 8) family is generally considered to be a subfamily of death effector domain proteins (1) (2) (3) (4) . Despite the structural similarity to this family, several studies have demonstrated that the various members of the TNFAIP8 family exhibit different biological functions (2, (5) (6) (7) (8) .
Recently, Sun et al. (9) identified TIPE2 (TNFAIP8-like 2) as a member of the TNFAIP8 family. TIPE2 protein is preferentially expressed in lymphoid tissues such as the spleen, lymph nodes, and thymus. Interestingly, Sun et al. (9) also demonstrated that TIPE2-deficient mice are hyper-responsive to TLR and TCR signals, leading to inflammation of multiple organs. In addition, it has been demonstrated that TIPE2 inhibits the activation of NF-B and AP-1, which are involved in inflammatory and antigen-specific immune responses. Therefore, TIPE2 is considered to be a key negative regulator that plays an important role in homeostasis of the immune system. Recent studies (10, 11) have also demonstrated the novel functions of TIPE2 as a potent inhibitor of Ras-mediated oncogenesis and atherosclerosis in relation to the macrophage response to oxidized low density lipoprotein. Thus, because TIPE2 acts as a potent inhibitor of inflammatory diseases and cancers, this negative regulator is a potential candidate for the development of drugs for inflammatory diseases and cancers. Although Sun et al. (9) have suggested interaction with caspase-8 as a possible mechanism through which TIPE2 negatively regulates the immune system, in view of the multipotential actions of TIPE2, our interests were to explore the novel target molecules of TIPE2 and to investigate its novel regulatory mechanism(s). Therefore, in this study we investigated whether TIPE2 is able to interact with several signal molecules that underlie innate and adaptive immune signal systems. Interestingly, we found that TIPE2 interacted with TGF-␤-activated kinase 1 (TAK1), 2 an important regulatory molecule of inflammatory and immune signals.
TAK1 was originally identified as a key regulator of TGF-␤/ bone morphogenic protein signals and is a member of the MAPK kinase kinase family that acts in TGF-␤-mediated MAPK activation (12) (13) (14) (15) (16) . Importantly, TAK1 plays a pivotal role in the regulation of cellular responses stimulated by growth factors, proinflammatory cytokines, and TLR ligands. Many studies (17) (18) (19) (20) (21) have demonstrated that TAK1-transduced signals from TCR and BCR, as well as antigen stimulation, play an important role in activation and survival of T cells or B cells. These demonstrations suggest that TAK1 is a fundamental molecule in the regulation of cellular events induced by changes in the environment. In this study, we demonstrate that TIPE2 acts as a novel negative regulator of TAK1, and interestingly, that a cell-permeable TIPE2 protein exhibits the ability of a potent inhibitor of the TAK1 signal. * This work was supported in part by a grant-in-aid for science research from the ministry of Education, Culture, Sports, Science and Technology of Japan. The authors declare that they have no conflicts of interest with the contents of this article. 1 To whom correspondence should be addressed: Lab. of Molecular and Cell Physiology, Dept. of Applied Biological Sciences, College of Bioresource Sciences, Nihon University, 1866 Kameino, Fujisawa-city, Kanagawa 252-0880, Japan. Tel.: 81-0466-86-3701; E-mail: hanazawa@brs.nihon-u.ac.jp. 2 Abbreviations used in this article: TAK1, TGF-␤-activated kinase 1; MTM, membrane translocating motif; qRT-PCR, quantitative real-time PCR; aa, amino acid(s); TRAF, TNF receptor-associated factor; IRAK, IL-1 receptorassociated kinase; TIPE2, tumor necrosis factor ␣-induced protein 8-like 2; TNFAIP8, TNF-␣-induced protein 8; TLR, toll-like receptor; TCR, T cell receptor; TAB, TAK1-binding protein.
Experimental Procedures
Cells-HEK293T cells were cultured in DMEM (Wako Pure Chemical, Osaka, Japan) supplemented with 10% FBS (Biowest, Nuaillé, France) and 1% penicillin and streptomycin solution (Nacarai Tesque, Kyoto, Japan) at 37°C under 5% CO 2 and 95% air. RAW264.7 cells were cultured in RPMI 1640 medium (Wako Pure Chemical) supplemented with 10% FBS and antibiotics at 37°C under 5% CO 2 and 95% air. FLAG-TAK1-stable RAW264.7 cells were transfected with a FLAG-mouse TAK1/pcDNA3 vector, and the transfected cells were selected in the presence of 1% Geneticin G418 (Calbio Chem, San Diego, CA) in RPMI 1640 medium supplemented with 10% FBS. Individual Geneticin-resistant colonies were cloned and expanded. The expression levels of TAK1 in each clone were monitored by immunoblot analysis using an anti-FLAG antibody, as described below.
Preparation of Mouse Tissue Homogenates-The spleens, thymi, and lungs of C57BL/6 N males (5 weeks old) were removed immediately after cervical dislocation. Extracts of their homogenates were prepared as follows: each tissue was suspended in TNE-Nϩ buffer solution (60 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.1% Nonidet P-40, and protease inhibitor mixture (Nacarai Tesque, Kyoto, Japan)) and then homogenized with a homogenizer pestle. Their homogenates were clarified by centrifugation at 12,000 ϫ g for 10 min and subsequently used for immunoprecipitation and Western blotting assays as described below. The experimental protocol was approved by the Ethics Review Committee for Animal Experimentation of Nihon University.
TIPE2 cDNA Cloning, Plasmid Construction, and siRNA-Human TIPE2 cDNA was isolated and amplified from Michigan Cancer Foundation (MCF)-7 mRNA by RT-PCR using specific primers, which were added to each restriction site: 5Ј-AAAGAATTCCCCATGGAGTCCTTCAGCTCAAAGAG-3Ј (sense), 5Ј-AAAGTCGACCTCTCAGAGCTTCCCTTCG-TCTAGCAGC-3Ј (antisense-stop), and 5Ј-AAAGTCGACAG-AGCTTCCCTTCGTCTAGCAGCTTCC-3Ј (antisense-nonstop). The amplified cDNAs were digested with EcoRI and SalI in high salt-buffered solution. The cDNAs were purified with a QIAEX II DNA purification kit (Qiagen) after separation by agarose gel electrophoresis. The purified TIPE2 fragments were inserted using Ligation High DNA ligase (Toyobo, Osaka, Japan) in a pcDNA3 plasmid (Life Technologies), which was digested with EcoRI and XhoI. Ligation products were transformed into Escherichia coli DH5␣ competent cells (Takara, Shiga, Japan) and copied. TIPE2 cDNA insertion into pcDNA3 was confirmed by sequencing analysis (Applied Biosystems) and comparison with the National Center for Biotechnology Information database. TIPE2 cDNA was subcloned using EcoRI and XbaI enzymes in 6ϫ Myc-tagged, FLAG-tagged, human influenza HA-tagged, Halo tagged, and GST-tagged fusion plasmids, respectively. All plasmids were prepared and purified by using Qiagen tip 500 (Qiagen). Mouse TAK1, human TAB2 (TAK1-binding protein 2), and human TNF receptor-associated factor 6 (TRAF6) cDNAs were kindly provided by Dr. K. Matsumoto. Human TAB1 was provided by Dr. K. Nishida. IL-1 receptor-associated kinase (IRAK) 4, IRAK-M, and IB kinase ␤ were generated by PCR, using human or mouse testis cDNA libraries as a template, and inserted into HA-tagged fusion pcDNA3 plasmid, respectively. HA-TAK1 deletion mutants (aa 1-150, 1-200, 1-291, 292-579, and 200 -291) were generated by PCR using specific primers and cloned into HA-tagged pcDNA3 or FLAG-tagged pSG5. TIPE2 deletion mutants (aa 1-140, 1-100, 100 -184, and 101-140) were also generated by PCR, using HA-TIPE2 wild type as a template and inserted into GST-tagged pGEX4T-1 or 6ϫ Myc-tagged pSG5.
TIPE2-specific siRNA and a nonspecific negative control were purchased from Life Technologies. Transfection into cells with plasmid or siRNA was performed using X-tremeGENE siRNA transfection reagent (Roche Diagnostics) according to the manufacturer's protocols.
Antibodies-The following monoclonal antibodies were used for immunocytochemistry, immunoprecipitation, and Western blotting assays: anti-FLAG (Sigma-Aldrich), anti-His (Santa Cruz), anti-Halo (Promega, Madison, WI), anti-Myc (Santa Cruz), anti-human TIPE2 (Protein Tech), anti-mouse TAK1 (Cell Signaling, Beverly, MA), anti-human pTAK1 (Thr 187 ; Cell Signaling), anti-human IB (Cell Signaling), anti-human pIB (Cell Signaling), anti-mouse p38 (Santa Cruz), anti-mouse pp38 (Cell Signaling), anti-mouse ERK (Santa Cruz), anti-mouse pERK (Santa Cruz), anti-human MKK6 (Cell Signaling), antihuman pMKK3/6 (Cell Signaling), anti-␤-actin (Abcam), antirat Alexa Fluor 594 (Life Technologies), and anti-goat Alexa Fluor 488 (Life Technologies).
Preparation of Recombinant MTM-TIPE2-Jo et al. (22) previously described a membrane-translocating motif (MTM) composed of 12 amino acids from a hydrophobic signal sequence from fibroblast growth factor 4. This motif was attached to C-terminal ends to mediate uptake into cells. We constructed plasmids His-TIPE2-MTM/pET28a or His-TIPE2/pET28a by cloning full-length TIPE2 cDNA into pET28a-MTM vector (MTM encoded oligonucleotides (sense, 5Ј-GGCCGCGCAGCCGTTCTTCTCCCTGTTCTTCTTGC-CGCACCCTAAC-3Ј, and antisense, 5Ј-TCGAGTTAGGG-TGCGGCAAGAAGAACAGGGAGAAGAACGGCTGCGC-3Ј) ligated into the NotI-XhoI site of empty pET28a vector). MTM-TIPE2 or TIPE2 was expressed in E. coli BL21 (DE3) transformed with His-TIPE2-MTM/pET28a or His-TIPE2/ pET28a plasmid. The cells were grown at 37°C in lysogeny broth supplemented with kanamycin (30 mg/ml) until cultures reach an A 600 of 0.3. In addition, to induce the expression of the recombinant proteins, 0.1 mM isopropyl-8-D-thiogalactopyranoside was added to the cultures. The cells were then cultured for an additional 3 h at 37°C, harvested, and disrupted in 20 mM Tris-HCl buffer (pH 7.5) with an ultrasonicator (Vibra Cell). The disrupted cell suspensions were centrifuged, and the soluble fraction of the precipitate was prepared with guanidium lysis buffer (6 M guanidine hydrochloride, 20 mM sodium phosphate, pH 7.8, 500 mM NaCl). The recombinant proteins in the soluble fraction were purified using the nickel-nitrilotriacetic acid purification system (Life Technologies) according to the manufacturer's instructions. The purified denatured recombinant proteins were dialyzed with 0.5 M arginine containing buffer (0.5 M L-arginine, 50 mM sodium diphosphate, 2 mM DTT, 0.02% Tween 80) and then with DMEM or RPMI 1640 medium. For the preparation of soluble protein, the aggregations were separated by centrifugation at 13,000 ϫ g for 5 min at 4°C. The purity and quantity of proteins were assessed by SDS-PAGE.
Immunostaining and Confocal Fluorescence Microscopy-As described previously (23, 24) , RAW264.7 cells were cultured on cover glasses in 35-mm culture dishes and then transfected using X-tremeGENE HP (Roche Diagnostics) with the GFPempty, enhanced GFP (EGFP)-TAK1, and/or FLAG-TIPE2 plasmids. Transfected cells were grown for 24 h at 37°C in RPMI 1640 medium containing 10% FBS. The cells were then washed three times with PBS and fixed in 4% paraformaldehyde/PBS for 30 min at room temperature. The cells were then washed again three times with PBS. For the detection of FLAG-TIPE2 or EGFP-TAK1, after the wash with PBS, the cells were incubated with anti-FLAG antibody or anti-GFP antibody in blocking solution (5% skim milk; Wako Pure Chemical) for 1 h. The cells were subsequently washed five times with TBST (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% Tween 20) and then incubated for 1 h with anti-rat Alexa Fluor 594 or anti-goat Alexa Fluor 488 in blocking solution. Finally, the cells were washed five times with TBST, and the coverslip was mounted with Vectorshield (Vector Laboratories). Samples were examined using FV-1000 confocal laser imaging microscopy (Olympus, Tokyo, Japan).
For co-localization of TIPE2 and TAK1 at endogenous level in spleen, paraffin-embedded sections of spleen were obtained from Genostaff Co. Ltd. (Tokyo, Japan). The tissue sections were deparaffinized with lemosol and dehydrated with a series of ethanol solutions in PBS. The sections were treated for 5 min with proteinase K (5 g/ml) and washed with TBST. Then the sections were incubated with anti-mouse TAK1 antibody and/or anti-human TIPE2 antibody in blocking solution (Start-ingBlock T20) for 1 h. The sections were subsequently washed, incubated with anti-mouse Alexa Fluor 594 or anti-rabbit Alexa Fluor 488 as described above, and then examined using LSM 510 META laser scanning microscopes (Carl Zeiss).
In addition, for cell-transducing experiments of recombinant MTM-TIPE2, RAW264.7 cells cultured on cover glasses were incubated for 30 min with FITC-labeled MTM-TIPE2 (1 M). Then the cells were fixed in 4% paraformaldehyde/PBS and subsequently were treated for 15 min with proteinase K (5 g/ml). Thereafter, samples were examined using FV-1000 confocal laser imaging microscopy.
Flow Cytometry-RAW264.7 cells were cultured in 35-mm culture dishes containing RPMI 1640 medium with 10% FBS and treated for 15 min with or without FITC-labeled MTM-TIPE2 or FITC-labeled TIPE2 at 1 M. The cells were then washed three times with PBS, fixed for 4 h at Ϫ20°C in cold 70% ethanol/PBS, washed a further twice with PBS, and then treated for 15 min with proteinase K. Finally, the cell sample was analyzed using FACS Cant (BD Biosciences).
Immunoprecipitation and Western Blotting Analysis-As described previously (24) , cells transfected with plasmids encoding each tag fusion protein were extracted with TNE-N ϩ buffer solution. Each tagged protein was precipitated from the cell lysates using anti-tag-coated agarose (Sigma-Aldrich). Immunocomplexes were washed five times with TNE buffer, and then each tagged protein was eluted from the anti-tagcoated agarose (3ϫ FLAG peptide). These samples were denatured in SDS buffer for SDS-PAGE.
Western blotting analysis was attempted with the semi-dry method. Denatured proteins from cells were separated by molecular weight using SDS-PAGE. The proteins in the gels were transferred to Immobilon transfer membranes (Millipore) using a Trans-Blot Cell (Bio-Rad). The membrane was blocked from nonspecific recognition of antibody with 5% skim milk dissolved in TBST. The proteins were detected using the indicated antibodies by means of an enhanced chemiluminescence system.
To determine the interaction domain of TIPE2 with TAK1, E. coli was transformed with plasmids encoding GST-TIPE2 deletion mutants. Then cell extracts were obtained to prepare the recombinant proteins. The GST-TIPE2 deletion proteins were purified using glutathione Sepharose 4B beads (Roche Diagnostics). The purified GST-TIPE2 proteins were mixed with FLAG-TAK1 that was overexpressed in HEK293T cells. FLAG-TAK1 was immunoprecipitated and then detected by Western blotting assay using an anti-FLAG antibody.
His Pulldown Assay-For the pulldown assay to examine the interaction of His-MTM-TIPE2 protein with TAK1, RAW246.7 cells were transiently transfected with or without FLAG-TAK1 and were incubated for 1 h with or without MTM-TIPE2 protein or TIPE2 protein at 1 M. Then cell extracts were prepared and interaction of TIPE2 with TAK1 in cell lysates was detected by His pulldown assay with anti-His tag purification resin beads (Roche Diagnostics) and by Western blotting assay with anti-FLAG antibody.
NF-B-dependent Luciferase Reporter Assay-RAW264.7 cells, HEK293T cells were plated in 24-well culture plates. On the following day, the cells were transiently transfected with the indicated expression vectors using X-tremeGENE 9 DNA transfection reagent (Roche Diagnostics). The total amount of DNA was kept constant by supplementation with empty vector, pcDNA3 (Life Technologies). Every transfection step included 100 ng of reporter plasmid together with 4 ng of Renilla for normalization of transfection efficiency. We used the NF-Bluciferase reporter plasmid, provided by Dr. Y. Ohmori. After 24 h, the cells were washed and then incubated for additional 24 h under serum-free culture conditions. Subsequently, the cells were treated with the indicated stimulator (LPS, 01114B, 100 ng/ml (Sigma-Aldrich); poly(I⅐C), 50 g/ml (Sigma-Aldrich); CpG DNA, 1 M (Enzo Life Science, Farmingdale); TNF-␣, 10 ng/ml (R&D Systems); and IL-1␤ 10 ng/ml (Wako Pure Chemical)) for 5 h. Then cells were lysed in a luciferase lysis buffer (Promega), and luciferase activity was measured using a Dual-Luciferase reporter assay system (Promega) with a Veritas TM Microplate luminometer (Promega). All luciferase experiments were performed in triplicate.
Measurement of Inflammatory Cytokines-RAW264.7 cells were transfected using X-tremeGENE siRNA transfection reagent (Roche Diagnostics) with or without FLAG-TIPE2 or TIPE2 siRNA. After 24 h, the cells were incubated for an additional 24 h under serum-free culture conditions. Subsequently, the cells were treated for 8 h with or without LPS at 100 ng/ml in the serum-free medium. The IL-6 level in the culture super-natants was measured by mouse IL-6 ELISA Ready-SET-Go (eBioscience) according to the manufacturer's protocol.
Quantitative RT-PCR Analysis-Quantitative RT-PCR (qRT-PCR) analysis was performed on a Rotor-Gene Q (Qiagen) using a Rotor-Gene SYBR Green PCR kit (Qiagen). Isolation of total RNA and cDNA synthesis were performed following the protocols provided with AccessQuick TM RT-PCR system (Promega). Primers used for RT-PCR were specific for one of the indicated cytokines. QuantiTect Primer Assay (Qiagen) primers were used for qRT-PCR: IL-1␤ (Mm_Il1b_2_SG, QT01048355), IL-6 (Mm_Il6_1_SG, QT00098875), and actin (Mm_Actb_2_SG, QT01136772). The qRT-PCR reaction was performed in a Rotor-Gene Q. More than 40 cycles of amplification were performed, each consisting of a denaturation (95°C, 5 s) and an annealing/extension (60°C, 10 s) step. Data acquisition and the analysis of the qRT-PCR assays were performed using Rotor-Gene Analysis (Qiagen).
Statistical Analysis-The data are expressed as the means Ϯ S.D. in triplicate. A p value Ͻ 0.05 was considered to indicate statistical significance.
Results

TIPE2 Interacts with TAK1 by Binding with Its Internal
Kinase Domain-We first explored whether TIPE2 is able to interact with major signal molecules, such as IRAK4, IRAK-M, TRAF6, TAK1, and IB kinase ␤ that lie down the immune signal pathway. To examine these interactions, we co-transfected FLAG-TIPE2 and each HA-tagged signal molecule into HEK293T cells, respectively, and then immunoprecipitated their cell extracts with an anti-FLAG antibody. Interestingly, although the immunoprecipitation-Western blotting assay showed that TIPE2 clearly interacted with TAK1, TIPE2 did not interact with the other signal molecules tested ( Fig. 1A) . To determine whether the interaction with TAK1 in the overexpressed cells would also occur between endogenous TIPE2 and TAK1, we examined the interaction using RAW264.7 cell extracts. Fig. 1B clearly shows the endogenous interaction between both molecules. In addition, because a previous study (9) demonstrated that TIPE2 is predominantly expressed in lymphoid tissues, we attempted to determine whether TIPE2 is able to interact with TAK1 in mouse primary cells derived from spleen and thymus. Fig. 1C shows that TIPE2 also interacted with TAK1 in cell extracts derived from mouse spleen and thymus, although no such interaction was observed in lung cell extracts. We also used confocal microscopy to determine whether TIPE2 and TAK1 co-localize in the cytoplasm during their interaction. As expected, Fig. 1D shows that the exogenous TIPE2 and TAK1 co-localized in the cytoplasm of RAW264.7 cells. Furthermore, co-localization of the both proteins at endogenous level was also observed in spleen cells (Fig.  1E ). These results suggest that TIPE2 is a novel molecule that interacts with TAK1. Based on these results, we experimented to determine the binding region involved in the interaction between TIPE2 and TAK1. We constructed several deletion mutants of TAK1 ( Fig. 1F ) and prepared their expression vectors. Then we transiently overexpressed FLAG-TIPE2 and HA-TAK1 deletion mutants in HEK293T cells, respectively. As shown in Fig. 1G , although TIPE2 interacted with TAK1 wild type and the TAK1 1-291 mutant, it did not interact with the TAK1 1-150, 1-120, and 292-579 mutants. These observations suggested that TIPE2 interacted with region aa 200 -291, located in the internal kinase domain of TAK1. We also generated several GST-TIPE2 fusion proteins ( Fig. 1H ). Using a His pulldown assay, we determined the binding region of TIPE2 involved in interaction with TAK1. Although TIPE2 wild type and the TIPE2 1-140 and TIPE2 100 -184 mutants bound to TAK1, the TIPE2 1-100 mutant was unable to bind to TAK1 (Fig. 1I) . These results indicated that the aa 101-140 region of TIPE2 interacted with the TAK1 aa 200 -291 region of its internal kinase domain. To confirm the interaction between TIPE2 aa 101-140 and TAK1 aa 200 -291, we co-transfected 6ϫ Myc-TIPE2 101-140 and FLAG-TAK1 200 -291 into HEK293T cells and then investigated their interaction by immunoprecipitation-Western blotting assay. Fig. 1J shows that the molecules interacted with each other via the determined binding regions. Fig. 1K illustrates the interaction between TIPE2 and TAK1 via their binding regions.
TIPE2 Interferes with the Binding of TABs to TAK1 and Inhibits TAB1-and TAB2-dependent TAK1 Activity-As demonstrated in previous studies (25) (26) (27) (28) (29) (30) , the formation of the TAK1-TAB1-TAB2 complex is an important event in initiating TAK1 activation, and its subsequent phosphorylation and ubiquitination is essential in inducing its activation. Therefore, the based on the molecular steps involved in TAK1 activation, we investigated whether TIPE2 acts as a negative regulator in subsequent molecular events for TAK1 activation. Initially, we investigated whether TIPE2 was able to interfere with the binding between TAK1 and TAB1 or TAB2 in HEK293T cells. We transiently overexpressed the combination of FLAG-TAK1, 6ϫ Myc-TIPE2, and HA-TAB1 or HA-TAB2 in the cells and then examined their bindings by immunoprecipitation-Western blotting assay. As shown in Fig. 2 (A and B) , although TAK1 bound with TAB1 or TAB2 in the cells, TIPE2 clearly interfered with the binding between exogenous TAK1 and TAB1 or TAB2. Because the binding interference by TIPE2 suggested the possibility that TIPE2 inhibits TAB-dependent phosphorylation and ubiquitination of TAK1, we examined whether TIPE2 is actually able to inhibit TAB1-or TAB2-dependent phosphorylation of TAK1. FLAG-TAK1 and 6ϫ Myc-TAB1 or 6ϫ Myc-TAB2 were transiently transfected in the presence or absence of HA-TIPE2 into HEK293T cell, respectively. TIPE2 dramatically inhibited TAB1-or TAB2-dependent phosphorylation of TAK1 in the cells (Fig. 2, C and D) . Because these results suggested that TIPE2 might also interfere with TAB1dependent ubiquitination of TAK1, we transfected FLAG-TAK1, 6ϫ Myc-TAB1, and HA-K63-Ub in the presence or absence of Halo-TIPE2 into HEK293T cells and then examined K63 ubiquitination of immunoprecipitated FLAG-TAK1 by Western blotting assay. Fig. 2E shows the inhibitory action of TIPE2 on TAB1-dependent ubiquitination of TAK1 in the cells. Collectively these results suggest that TIPE2 acts as a powerful inhibitor of TAK1 activation through interfering its binding with TABs and subsequent phosphorylation and ubiquitination. Therefore, we investigated whether TIPE2 is actually able to inhibit TAB1-dependent phosphorylation of MKK3/6, a substrate of TAK1. As shown in Fig. 2F , TIPE2 inhibited TAB1-de-TIPE2 Is a Negative Regulator of TAK1 Signal OCTOBER 21, 2016 • VOLUME 291 • NUMBER 43 JOURNAL OF BIOLOGICAL CHEMISTRY 22653 pendent phosphorylation of MKK3/6 in HEK293T cells. These results suggested that TIPE2 plays a crucial role as a negative regulator of TAK1 signaling.
TIPE2 Inhibits Phosphorylation of TAK1 and Its Downstream Molecules in Cells Stimulated with LPS and Inflammatory
Cytokines-Next, we examined whether TIPE2 inhibits the ligand-stimulated activation of TAK1 by ligands such as LPS, TNF-␣, and IL-1␤. We developed TAK1-stable RAW264.7 cells and transiently overexpressed HA-TIPE2 in the stable cells. Subsequently, we examined LPS-stimulated phosphorylation of TAK1 in the cells. As shown in Fig. 3A , LPS-stimulated phosphorylation of TAK1 in the stable cells was strongly inhibited by TIPE2. In addition, we also examined the inhibitory action of TIPE2 on TNF-␣or IL-1␤-stimulated phosphorylation of TAK1 in HEK293T cells. Fig. 3 (B and C) shows that TIPE2 clearly inhibited TNF-␣-and IL-1␤-stimulated phosphorylation of TAK1 in the cells. In addition, by silencing TIPE2 with RNA interference, we defined the specificity of TIPE2 inhibition for phosphorylation of TAK1 in TNF-␣-stimulated HEK293T cells. Importantly, we observed that TIPE2 silencing attenuated its inhibitory action on TAK1 phosphorylation stimulated by the inflammatory cytokine (Fig. 3D) . Col-lectively, these results defined the inhibitory action of TIPE2 on ligand-stimulated activation of TAK1. To demonstrate the action of TIPE2 as a TAK1 inhibitor, we examined the inhibitory effect of TIPE2 on phosphorylation of MKK3/6 in TNF-␣stimulated cells. As expected, TIPE2 dramatically inhibited TNF-␣-stimulated phosphorylation of MKK3/6 in the cells (Fig. 3E ). Because these results suggest that TIPE2 might also inhibit phosphorylation of p38, ERK, and IB, which play crucial roles in cellular events that are driven by TAK1 signaling, we examined this action. We overexpressed HA-TIPE2 in TAK1-stable RAW264.7 cells and examined phosphorylation of IB, p38, and ERK in the cells by LPS or IL-1␤. Fig. 3 (F and G) shows that TIPE2 also inhibits the phosphorylation of p38, ERK, and IB in the cells at 60 min after LPS or IL-1␤ treatment.
TIPE2 Inhibition of Activation of TAK1 Signaling Involves the Binding Region of TAK1-Many studies (12, 28, 31, 32) have demonstrated that TLR ligands and inflammatory cytokines (TNF-␣, IL-1␤) stimulate NF-B activity via activation of TAK1. Because we demonstrated that TIPE2 acts as a potent negative regulator of TAK1 activation, we examined the inhibitory effect of TIPE2 on LPS-stimulated NF-B reporter activity in TIPE2-overexpressed cells and also on production of IL-6 by the stimulated cells. As shown in Fig. 4A , although strong NF-B reporter activity was observed in RAW264.7 cells stimulated with LPS, TIPE2 significantly inhibited the NF-B reporter activity in the cells. However, silencing of TIPE2 by RNA interference attenuated its inhibitory action on LPSstimulated production of IL-6 by the cells (Fig. 4B ). In addition, the inhibitory effect of TIPE2 on TNF-␣-stimulated NF-B reporter activity in HEK293T cells was also attenuated by TIPE2-specific siRNA (data not shown). Because we determined that TIPE2 aa 101-140 is the binding region that interacts with TAK1, we investigated whether this binding region contributes to the inhibitory effect of TIPE2 on TNF-␣-stimulated NF-B reporter activity. Importantly, the TIPE2 101-140 mutant markedly inhibited LPS-or TNF-␣-stimulated NF-B reporter activity in RAW264.7 cells ( Fig. 4C ) and in HEK293T cells (Fig. 4D ). Collectively, these results demonstrate that the TIPE2 binding region contributes to TIPE2 inhibition of activation of TAK1 signaling.
Cell-permeable TIPE2 Inhibits LPS-stimulated Gene Expression of Inflammatory Cytokines-Jo et al. (22) suggested that cell-permeable MTM suppressor of cytokine signaling 3 is a useful candidate for intracellular protein therapy for JAK-STAT-mediated inflammatory diseases. Therefore, we speculated that MTM-TIPE2 is a target for the development of intracellular protein therapy for TAK1-related inflammatory diseases. Thus, we designed an MTM-TIPE2 gene construct and developed its recombinant protein. We then explored the inhibitory ability of MTM-TIPE2 on NF-B reporter activity and gene expression of inflammatory cytokines in LPS-stimulated RAW264.7 cells. First, using confocal laser scanning microscopy, we observed the delivery of MTM-TIPE2 into the cytoplasm of RAW264.7 cells. As shown in Fig. 5A , FITC-labeled MTM-TIPE2 was detected abundantly in cytoplasm of most cells, although some TIPE2 without MTM was observed in the cells. Penetration of MTM-TIPE2 into the cytoplasm was supported by flow cytometry analysis (Fig. 5B) . We then used a His pulldown assay to examine whether MTM-TIPE2 sustains its characteristics and interacts with TAK1. MTM-TIPE2 was incubated with cell lysates from FLAG-TAK1-overexpressed RAW264.7 cells, and interaction of MTM-TIPE2 with FLAG-TAK1 was detected by His pulldown and Western blotting assays. Fig. 5C shows that MTM-TIPE2 preserves its ability to interact with TAK1 in the manner of native TIPE2. Therefore, we attempted to determine whether MTM-TIPE2 is able to inhibit NF-〉 reporter activity and gene expression of inflammatory cytokines in LPS-stimulated cells. Using FLAG-TIPE2overexpressed cells as a positive control, we observed that MTM-TIPE2 also significantly inhibited LPS-stimulated reporter activity of NF-B in the cells (Fig. 5D ). The inhibitory action of MTM-TIPE2 also was observed in poly(I⅐C)-and CpG DNA-treated cells (data not shown). Because these results suggest that MTM-TIPE2 might inhibit gene expression of proinflammatory cytokines in cells stimulated with TLR ligands, we used qRT-PCR to examine the inhibitory effect of MTM-TIPE2 on gene expression of proinflammatory cytokines in LPS-stimulated cells. As hypothesized, MTM-TIPE2 significantly inhibited gene expression of proinflammatory cytokines (IL-1␤, IL-6) in LPS-stimulated cells (Fig. 5, E and F) . MTM-TIPE2 also FIGURE 1. TIPE2 interacts with TAK1 via binding with the TAK1 internal kinase domain. A, HEK293T cells were transfected with FLAG-TIPE2 alone or with both FLAG-TIPE2 and HA-tagged signal molecules, respectively. The cells were extracted 24 h after transfection and immunoprecipitated with anti-FLAG antibody. Interactions were detected by Western blotting assay using an anti-HA antibody. The expression of FLAG-TIPE2 and the indicated HA-tagged signal molecules in the immunoprecipitates and whole cell lysates was also detected by Western blotting assay. B, RAW264.7 cells were extracted and immunoprecipitated with control IgG or anti-TAK1 antibody. The presence of TIPE2 or TAK1 in the immunoprecipitates and whole cell lysates was detected by Western blotting assay with anti-TIPE2 antibody or anti-TAK1 antibody. C, mouse spleen, thymus, and lung cell extracts were prepared and immunoprecipitated with control IgG or anti-TAK1 antibody. The presence of TIPE2 or TAK1 in the immunoprecipitates and whole cell lysates was detected by Western blotting assay with anti-TIPE2 antibody or anti-TAK1 antibody. D, RAW264.7 cells were transfected with FLAG-TIPE2 or EGFP-TAK1 vector. After 24 h, the cells were immunostained with Alexa 594 (red) for FLAG-TIPE2 or with EGFP antibody for EGFP-TAK1. E, the sections of spleen were incubated with anti-TIPE2 and/or with anti-TAK1 antibody for 1 h and then immunostained with Alexa 488 (red) for TIPE2 or Alexa594 (green) for TAK1. The nucleus was stained with TO-PRO-3. Scale bars, 10 m. F, five truncated mutants of TAK1 (TAK1 1-150, TAK1 1-200, TAK1 1-291, TAK1 292-579, and TAK1 200 -291) were generated from the control WT vector. G, HEK293T cells were transfected with FLAG-TIPE2 alone or with both FLAG-TIPE2 and the indicated HA-tagged truncated mutant vectors. After 24 h, the cells were extracted and immunoprecipitated using an anti-FLAG antibody. Interactions were detected by Western blotting assay using an anti-HA antibody. The expression of FLAG-TIPE2 and the indicated HA-TAK1 deletion mutants in the immunoprecipitates and whole cell lysates was detected by Western blotting assay. H, four truncated mutants of TIPE2 (TIPE2 1-100, TIPE2 1-140, TIPE2 100 -184, and TIPE2 101-140) were generated from the control WT vector. I, HEK293T cells were transiently transfected with or without FLAG-TAK1 vector. At 24 h after the transfection, the cells were lysed, and the cell lysates were incubated for 60 min with 0.4 nmol of the indicated GST-TIPE2 protein. The mixture was immunoprecipitated using an anti-GST antibody. The bound proteins were detected by Western blotting assay with anti-FLAG antibody. J, HEK293T cells were transfected with TIPE2 mutant 6ϫ Myc-TIPE2 101-140 alone, FLAG-TAK1 200 -291 alone, and a combination of both vectors. At 24 h after transfection, the cells were extracted and immunoprecipitated using an anti-FLAG antibody. Interactions were detected by Western blotting assay using an anti-Myc antibody. The expression of FLAG-TAK1 and 6ϫ Myc-TIPE2 in the immunoprecipitates and whole cell lysates was detected by Western blotting assay. Interactions were detected by Western blotting assay using an anti-Myc antibody. K, a model for TIPE2 interaction with TAK1 via the TAK1 internal kinase domain. IB, immunoblot; IP, immunoprecipitation; CBB, Coomassie Brilliant Blue. OCTOBER 21, 2016 • VOLUME 291 • NUMBER 43
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inhibited gene expression of proinflammatory cytokines in poly(I⅐C)-and CpG DNA-treated cells (data not shown). Collectively, these results suggest the possibility that cell-permeable MTM-TIPE2 could be a potential tool for intracellular protein therapy for TAK1-related inflammatory diseases.
Discussion
Although caspase 8 is one of the target molecules of TIPE2 (9) , in this study we found that TAK1was another novel target molecule of TIPE2. For the interaction between TIPE2 and TAK1, we demonstrated that the TIPE2 aa 101-140 region interacted via binding with the TAK1 aa 201-291 region in its internal kinase domain. Importantly, TIPE2 inhibited formation of the TAK1-TAB1-TAB2 complex, and subsequently interfered with TAK1 signaling. Silencing of TIPE2 by RNA interference eliminated its inhibitory action on TAK1 signaling. Therefore, the present study is the first to demonstrate that TIPE2 is a novel negative regulator of TAK1-mediated signals. In addition, because TAK1 plays a pivotal role in inflammatory and immune signals, this finding also suggested the possibility that TIPE2 acts as a negative regulator of these signal systems.
Many studies (25, (33) (34) (35) (36) (37) (38) have indicated that formation of the TAK1-TAB1-TAB2 complex is an important cellular event in the initiation of TAK1 activation and subsequently induces activation of MAP2Ks, such as MKK4/7 and MKK3/6, and NF-B. Although TAB1 is constitutively associated with TAK1 in resting cells and TAB2 is bound to the membrane in the absence of TAK1 ligands, with ligand stimulation, the membrane-binding TAB2 migrates to the cytoplasm and is associated with TRAF6 to trigger TAK1 activation. Therefore, TAB1-TAB2-TRAF6 binding to TAK1 is an important event for its activation. Recently, an interesting study (28) demonstrated that O-GlcNAcylation of TAB1 on Ser 395 was essential for TAK1 activation. In contrast, the negative regulatory mechanism of TAK1 following its ligand stimulation was largely unknown. Based on the requirement for TAB1-dependent phosphorylation of TAK1 in induction of its activation, Kim et al. (39) demonstrated that PP2A, a Ser/Thr protein phosphatase, functions as a negative regulator in TGF-␤1-stimulated TAK1 activation via binding with TAK1 and TAB1. Mochida et al. (40) also demonstrated that apoptosis signal-regulating kinase 1, a member of the MAPK kinase kinase family, inhibits the activation of NF-B induced by IL-1 through disruption of TRAF6-TAK1 interaction. In addition, most recently, it has demonstrated that S6K1 interacts with the N terminus of TAK1 and negatively regulates the activation of TAK1 through competition with the TAK1-TAB1 interaction (41) . Through biochemical and molecular studies, we showed here that exogenous TIPE2 attenuated the binding of TAB1 and TAB2 to TAK1 and inhibited TAB-dependent induction of its phosphorylation and ubiquitination, consequently negatively regulating its activation. Although we do not yet completely understand the molecular mechanism of TIPE2 inhibition of the binding of TAB1 and TAB2 to TAK1, we hypothesize that the inhibitory action of TIPE2 may result from 1) the conformational changes of TAK1 structure through the interaction with TIPE2 and 2) competition of TIPE2 with TAB1 or TAB2 for interaction with TAK1, because the TAB1 aa 437-481 region binds to the internal kinase domain of TAK1, which is the same region (aa 101-140) that interacts with TIPE2. Collectively, as illustrated in Fig.  6 , although the TLR ligands, TNF-␣ and IL-1 activate both the MAPKs and NF-B via TAK1 activation, TIPE2 inhibited activation of their signal molecules via inhibiting a series of cellular FIGURE 2. TIPE2 interferes with the binding of TAB1 and TAB2 with TAK1, which inhibits phosphorylation and ubiquitination of TAK1 and its activity. A and B, HEK293T cells were transfected with 6ϫ Myc-TIPE2 alone or the indicated combination of 6ϫ Myc-TIPE2, FLAG-TAK1, and HA-TAB1 (A) or HA-TAB2 (B). After 24 h, the cells were extracted and immunoprecipitated using an anti-FLAG antibody. Binding of TAB1 or TAB2 with TAK1 was detected by Western blotting assay using an anti-HA antibody. Expression of FLAG-TAK1, 6ϫ Myc-TIPE2, HA-TAB1, and HA-TAB2 in the immunoprecipitates was detected by Western blotting assay using the appropriate anti-tag antibody. C and D, HEK293T cells were transfected with HA-TIPE2 alone or the indicated combination of HA-TIPE2, FLAGTAK1, and 6ϫ Myc-TAB1 (C) or 6ϫ Myc-TAB2 (D). After 24 h, the cells were extracted and immunoprecipitated using an anti-FLAG antibody. The phosphorylation of TAK1 was detected by Western blotting assay using an anti-pTAK1 antibody. The expression of FLAG-TAK1, HA-TIPE2, 6ϫ Myc-TAB1, and 6ϫ Myc-TAB2 in the immunoprecipitates was detected by Western blotting assay. E, HEK293T cells were transfected with the indicated combination of FLAG-TAK1, Halo-TIPE2, Halo-vector, HA-K63-Ub, and 6ϫ Myc-TAB1 vectors. After 24 h, whole cell lysates were extracted and immunoprecipitated using an anti-FLAG antibody. The ubiquitination of TAK1 was detected by Western blotting assay using an anti-HA antibody. The expression of FLAG-TAK1, Halo-TIPE2, and 6ϫ Myc-TAB1 in whole cell lysates was detected by Western blotting assay. F, HEK293T cells were transfected with the indicated combination of HA-TIPE2, FLAG-TAK1, and 6ϫ Myc-TAB1 vectors. After 24 h, the cells were extracted, and then TAK1 activity in the whole lysates was monitored by detecting phosphorylation of MKK3/6, a substrate of TAK1, by Western blotting assay using an anti-pMKK3/6 antibody. The expression of FLAG-TAK1, HA-TIPE2, 6ϫ Myc-TAB1, MKK6, and phosphorylation of MKK3/6 in whole lysates was detected by Western blotting assay using the appropriate anti-tag antibody, anti-MKK6, and anti-pMKK3/6 antibody. IB, immunoblot; IP, immunoprecipitation. events in TAK1 activation. Thus, we propose that TIPE2 functions as a novel potential negative regulator of TAK1 signaling.
MAPKs (MKK3/6, p38, ERK, and JNK), IB, and NF-B in the TAK1 signaling pathway play fundamental roles in cellular events mediated by the TAK1 signal. TIPE2 inhibited TLR ligand-stimulated phosphorylation of the MAPKs and proinflammatory cytokines and also inhibited NF-B activity via suppressing phosphorylation of IB. Consequently, TIPE2 inhibited ligand-stimulated gene expression and production of proinflammatory cytokines. Interestingly, although we demonstrated that exogenous TIPE2 101-140, the region that interacts with TAK1, was able to dramatically inhibit LPS-and TNF-␣-stimulated reporter activity of NF-B in RAW264.7 and HEK293T cells, these observations indicated that the TIPE2 binding region was involved in its function as a negative regulator of TAK1 signaling. Because activation of TAK1 is induced by proinflammatory cytokines, TLR ligands, and growth factors, the inhibitory action of TIPE2 on TAK1 signaling suggests that TIPE2 behaves as a potential negative regulator of a large number of cellular responses evoked by changes in the cell environment, such as inflammation, infectious diseases, cancer, apoptosis, and bone metabolism. Based on these findings, TIPE2 will be a pivotal target molecule in the development of novel drugs for diseases mediated by TAK1. In particular, TIPE2 101-140 protein will be a primary candidate during drug development.
The signal peptide-fused membrane transducing technique is a useful method for transduction of signal molecules into the FIGURE 3 . TIPE2 inhibits phosphorylation of TAK1 and its downstream molecules in ligand-stimulated cells. A, TAK1-stable RAW246.7 cells were transfected with or without HA-TIPE2. The cells were incubated for 24 h and then incubated for an additional 24 h in serum-free culture conditions. Next, the cells were treated with or without LPS at 100 ng/ml. At the indicated times, the cells were extracted, and phosphorylation of TAK1 was detected by Western blotting assay using an anti-pTAK1 antibody. B and C, HEK293T cells were transfected with FLAG-TAK1 alone or FLAG-TAK1 with or without HA-TIPE2. After 24 h, the cells were incubated for an additional 24 h under serum-free culture conditions. The cells were then treated with or without TNF-␣ at 10 ng/ml (B) or IL-1␤ at 10 ng/ml (C) and extracted 5 min after the treatment. Then phosphorylation of TAK1 was detected by Western blotting assay using an anti-pTAK1 antibody. D, HEK293T cells were transiently transfected with FLAG-TAK1 alone or FLAG-TAK1 with or without HA-TIPE2, TIPE2 siRNA, and negative control siRNA. After 24 h, the cells were incubated for an additional 24 h in serum-free culture conditions and then treated for 5 min with or without TNF-␣ at 10 ng/ml. Then cells were extracted, and phosphorylation of TAK1 was detected by Western blotting assay using an anti-pTAK1 antibody. The expression of FLAG-TAK1 and HA-TIPE2 in whole cell lysates was detected by Western blotting assay. E, HEK293T cells were transfected with FLAG-TAK1 alone or FLAG-TAK1 with or without HA-TIPE2 vectors. After 24 h, the cells were incubated for an additional 24 h in serum-free culture conditions and then treated for 15 min with or without TNF-␣ at 10 ng/ml. TAK1 activity was monitored by detecting phosphorylation of MKK3/6 by Western blotting assay using an anti-pMKK3/6 antibody. The expression of FLAG-TAK1 and HA-TIPE2 in whole cell lysates was detected by Western blotting assay. F and G, TAK1-stable RAW246.7 cells were transfected with or without HA-TIPE2 vectors. After 24 h, the cells were incubated for an additional 24 h in serum-free culture conditions and then treated for the indicated times with or without LPS at 100 ng/ml (F) or IL-1-␤ at 10 ng/ml (G). Next, the cells were extracted at the indicated times, and phosphorylation of p38, ERK, and IB was detected by Western blotting assay using anti-pp38, anti-pERK, and anti-pIB antibodies. The expression of p38, ERK, and IB in whole cell lysates was determined by Western blotting assay. IB, immunoblot; IP, immunoprecipitation. cytoplasm and is a potential therapy for inhibition of inflammatory and autoimmune diseases (22, 42) . Interestingly, by transducing cell-permeable Yamanaka factors into MEFs, Zhou et al. (43) developed the generation of inducible pluripotent stem cells. Although methods for transducing genes that encode target proteins using retroviral and lentiviral vectors have been widely investigated, there are several questions concerning transfection efficiency and safety for human trials. These studies have suggested that cell-permeable technology for transduc-ing signal regulatory molecules or transcription factors into many kinds of cells is a useful strategy for developing intracellular protein therapy for TAK1-mediated diseases. Therefore, FIGURE 4 . TIPE2 inhibits activation of TAK1 signaling via its binding domain. A, RAW246.7 cells in 24-well plates were transiently transfected with or without FLAG-TIPE2 and NF-B reporter construct. After 24 h, the cells were incubated for an additional 24 h under serum-free culture conditions. Then cells were treated for 5 h with or without LPS at 100 ng/ml. Next, the cells were lysed, and luciferase activity was measured. All luciferase experiments were performed in triplicate. The results are expressed as means Ϯ standard deviation. *, p Ͻ 0.05. B, RAW246.7 cells in 24-well plates were transiently transfected with or without FLAG-TIPE2, TIPE2 siRNA, and control siRNA. After 24 h, the cells were treated for an additional 24 h under serum-free culture conditions. Then the cell culture supernatants were harvested at 8 h after LPS at 100 ng/ml treatment, and IL-6 production in the supernatants was measured using an ELISA system. The results are expressed as means Ϯ standard deviation, in triplicate. *, p Ͻ 0.05. C, RAW246.7 cells in 24-well plates were transiently transfected with or without FLAG-TIPE2, FLAG-TIPE2 101-140, and NF-B reporter construct. After 24 h, the cells were treated for an additional 24 h under serum-free culture conditions. Then cells were treated for 5 h with or without LPS at 100 ng/ml. The luciferase experiments were performed as described above. The results are expressed as means Ϯ standard deviation, in triplicate. *, p Ͻ 0.05. D, HEK293T cells in 24-well plates were transiently transfected with or without FLAG-TIPE2 or FLAG-TIPE2 101-140 and NF-B reporter construct. After 24 h, the cells were incubated for an additional 24 h under serum-free culture conditions. Then cells were treated for 5 h with or without TNF-␣ at 10 ng/ml. The luciferase experiments were performed as described above. The results are expressed as means Ϯ standard deviation, in triplicate. *, p Ͻ 0.05.
FIGURE 5. MTM-TIPE2 inhibits LPS-stimulated NF-B activity and gene expression of inflammatory cytokines in vitro.
A and B, RAW246.7 cells were incubated for 30 min in the absence or presence of FITC-labeled MTM-TIPE2 or FITC-labeled TIPE2 at 1 M, and subsequently the cells were treated for 15 min with proteinase K. Then the cells were observed by confocal microscopy (A) and analyzed by flow cytometry (B). C, the cells were transiently transfected with or without FLAG-TAK1. After 24 h, the cells were incubated for 1 h with or without His-MTM-TIPE2 or His-TIPE2 at 1 M. The mixtures were used for the His pulldown assay. The bound proteins were detected by Western blotting assay using anti-FLAG and anti-His antibodies. D, cells in 24-well plates were transiently transfected with or without NF-B reporter construct and then were incubated for an additional 24 h under serum-free culture conditions. Then cells were incubated for 1 h with or without MTM-TIPE2 or TIPE2 at 1 M. The treated cells were then treated with or without LPS at 100 ng/ml. The cells were lysed after 5 h, and NF-B reporter activity was measured. FLAG-TIPE2-transfected cells were used as the positive control. The results are expressed as means Ϯ standard deviation in triplicate. *, p Ͻ 0.05. E and F, the cells were cultured for 24 h under serum-free culture conditions and then incubated for 1 h with or without MTM-TIPE2 or TIPE2 at 1 M. Then the cells were treated with LPS at 100 ng/ml. After 2 h, mRNA was prepared, and gene expression of the indicated cytokines was analyzed by qRT-PCR. FLAG-TIPE2-transfected cells were used as the positive control. The results are expressed as means Ϯ standard deviation in triplicate. *, p Ͻ 0.05. IB, immunoblot; IP, immunoprecipitation. our interest was in developing cell-permeable TIPE2 (MTM-TIPE2) as an intracellular protein therapy for TAK1-mediated diseases. As described here, MTM-TIPE2 was rapidly delivered into the cytoplasm of most cells and interacted with TAK1 in the cells. MTM-TIPE2 transduction into RAW264.7 cells clearly inhibited NF-B activity and gene expression of proinflammatory cytokines in cells stimulated by LPS. These observations strongly indicate that MTM-TIPE2 sufficiently maintained the negative regulatory activities of native TIPE2 in vitro. In addition, as described here, because exogenous TIPE2 101-140 sufficiently acted as a potent inhibitor of TAK1 ligand signals in vitro, in further studies, we intend to explore and to determine whether cellpermeable TIPE2 and TIPE2 101-140 protein will be useful as a potential intracellular protein therapy for inflammatory diseases and cancer mediated by TAK1 signaling in vivo.
In conclusion, we demonstrate here that TIPE2 is a novel negative regulator of TAK1 signal. Also we propose that cellpermeable MTM-TIPE2 will be a powerful candidate for intracellular protein therapy in TAK1 signal-mediated diseases. 
